-independent mechanism in endothelial F-2 cells. However, the stimulatory effect of resveratrol may be partly attributed to its cytotoxicity.
Resveratrol is a polyphenolic compound found abundantly in grapes and red wines. It exerts a variety of effects including vasodilation, 1, 2) which may contribute to the cardiovascular benefits associated with red wine consumption. Longterm resveratrol exposure results in the increased expression of endothelial nitric oxide synthase (eNOS) in cultured endothelial cells, and this is involved in nitric oxide (NO)-mediated relaxation of blood vessels. [3] [4] [5] Some groups have reported that bolus treatment with resveratrol reduces vascular tone in isolated rings of the aorta and coronary artery, and endothelial NO might mediate the acute dilating effect of resveratrol. [6] [7] [8] Wallerath et al. 3) reported that resveratrol might rapidly increase NO production in cultured endothelial cells; however, in their study, neither NO nor its metabolites were directly measured, and the effective concentrations of resveratrol were comparatively high. Further, the mechanisms underlying the acute effect of resveratrol on NO production are unknown. In contrast, other groups did not detect any resveratrol-induced vasodilation. 9, 10) Taubert et al. 10) reported that resveratrol has no effect on NO production in isolated porcine coronary arteries. Overall, it remains unclear whether resveratrol rapidly stimulates NO production in endothelial cells.
eNOS is responsible for the physiological production of NO in endothelial cells. 11) eNOS activity is intricately regulated by two mechanisms: (i) a Ca 2ϩ -dependent mechanism that is predominantly mediated by Ca 2ϩ /calmodulin and (ii) a Ca 2ϩ -independent mechanism that involves phosphorylation and interaction with regulatory proteins. [12] [13] [14] Rapid changes in endothelial NO production would be a result of these mechanisms and are independent of eNOS gene expression.
In the present study, we examined the rapid effect of resveratrol on NO production and the mechanisms of its actions in cultured endothelial F-2 cells.
MATERIALS AND METHODS

Materials
Unless otherwise indicated, all the reagents used in this study and their sources are as follows: resveratrol, 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and N G -nitro-L-arginine methyl ester (L-NAME) (Sigma-Aldrich Co., St. Louis, MO, U.S.A.); trypan blue (Nacalai Tesque, Kyoto, Japan); human vascular endothelial growth factor (VEGF) (R&D Systems, Minneapolis, MN, U.S.A.); protease inhibitor mixture set III (Calbiochem, La Jolla, CA, U.S.A.); anti-phosphotyrosine antibody (PY20) and anti-eNOS antibody (BD Transduction Laboratories, Lexington, KY, U.S.A.); anti-peNOS antibody (phospho-Ser1177), secondary antibody linked to peroxidase and Phototope-HRP Western Blot detection system (Cell Signaling, Beverly, MA, U.S.A.); Immobilon P membrane (Millipore, Bedford, MA, U.S.A.); cell culture media and supplies (Invitrogen, Carlsbad, CA, U.S.A.). All other chemicals were of reagent grade.
Cell Culture F-2 cells, murine vascular endothelial cell line, 15) was maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin in the final concentration at 37°C in 5% CO 2 and 95% air.
Determination of NO Production F-2 cells were seeded in 12-well plates and were allowed to grow to almost confluence. The cells were starved over night in serum-free medium containing 1 mg/ml bovine serum albumin, and then conditioned in phosphate-buffered saline (PBS) containing 10 mM HEPES-NaOH (pH 7.4), and 1 mg/ml bovine serum albumin for 1 h before the experiments. The cells were stimulated with 10 ng/ml VEGF or the indicated concentration of resveratrol for 10 min and then the medium was sampled. In the case of the inhibition of eNOS, the cells had been pretreated with resveratrol or 5 mM L-NAME for 10 min before VEGF stimulation. The depletion of extracellular Ca 2ϩ was
We examined the rapid effect of resveratrol on nitric oxide (NO) production in endothelial F-2 cells. During an incubation period of 10 min, resveratrol at low concentrations (Ͻ Ͻ20 m mM) had no effect on NO production, whereas it significantly increased NO production at high concentrations (Ͼ Ͼ50 m mM). -free PBS containing 10 mM HEPES-NaOH (pH 7.4), 1 mM EGTA and 1 mg/ml bovine serum albumin for 10 min. NO was determined as nitrite by colorimetry after the Griess reaction.
16) The released NO into the medium was completely oxidized to nitrite when left standing over night at 4°C. In a preliminary study, the amount of nitrite was confirmed to be stable under this condition. The amount of nitrite was measured using a NOx analyzer (ENO-200: EICOM, Kyoto, Japan).
Immunoblotting of Phosphorylated eNOS and VEGF Receptor F-2 cells were seeded in 35-mm dishes and were allowed to grow to almost confluence. After incubation with 10 ng/ml VEGF or resveratrol for 10 min, the F-2 cells were lysed in 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, 100 mM NaCl, 10 mM sodium orthovanadate, 10 mM sodium fluoride, 10 mM b-glycerophosphate, 1% Triton X-100, 0.5% sodium deoxycholate and the protease inhibitor mixture. In the case of pretreatment with resveratrol, the cells had been incubated with 20 mM resveratrol for 10 min before VEGF stimulation. The lysates were placed on ice for 10 min and then were centrifuged at 10000 rpm for 10 min at 4°C. The supernatants were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then blotted onto Immobilon P membranes. The blots were incubated over night with the primary antibody at 4°C and then probed with the secondary antibody linked to peroxidase. Immunoreactive proteins were visualized using an enhanced chemiluminescent kit.
Determination of Cell Viability Cell viability was determined by mitochondrial function and membrane permeability assays, as described previously. 17) F-2 cells were seeded in 24-well plates and were allowed to grow to almost confluence. The cells were incubated with 10 ng/ml VEGF or resveratrol for 10 min. In the case of pretreatment with resveratrol, the cells had been incubated with 20 mM resveratrol for 10 min before VEGF stiumulation. After all treatments, the cells were gently washed with PBS.
Mitochondrial function was assessed by the colorimetric method using MTT. After the cells were incubated in the culture medium containing 1 mg/ml MTT for 2 h at 37°C, the formed formazan was extracted with isopropanol containing 40 mM HCl. The absorbance at 595 nm in the extract was measured.
Membrane permeability was assessed by the dye exclusion method using trypan blue. After the cells were incubated with 0.05% trypan blue for 2 min, the numbers of stained and nonstained cells were quantified through a microscope in four randomly chosen fields in each well.
Statistical Analysis Data are presented as meansϮS.E. Statistical differences in the dose-response study were evaluated by applying Dunnett's multiple comparison test. Student's t-test was used for comparing two groups. A p value of Ͻ0.05 was regarded as significant.
RESULTS
Stimulatory Effect of Resveratrol on NO Production in Endothelial Cells
Endothelial F-2 cells produced NO under the control condition without any stimulus (Fig. 1) . When the cells were incubated with resveratrol for 10 min, NO production was not changed at concentrations up to 20 mM, but significantly enhanced at 50 and 100 mM. The NO production in response to resveratrol was 175.8% at 50 mM and 233.3% at 100 mM, as compared with the control. The stimulatory effect of resveratrol even at 100 mM was weaker than that of 10 ng/ml VEGF, since the growth factor resulted in a 5.1-fold increase in NO production. Further, treatment with 5 mM L-NAME drastically reduced the basal, resveratrol-stimulated, and VEGF-stimulated NO production to Ͻ0.04 ng/ml (data not shown), indicating that the observed NO production was mediated by eNOS.
Inhibitory Effect of Resveratrol on NO Production in Endothelial Cells
We examined whether resveratrol affects VEGF-stimulated NO production in F-2 cells (Fig. 2) . Resveratrol at concentrations up to 20 mM inhibited the NO production caused by 10 ng/ml VEGF in a dose-dependent manner; this significant inhibition was 65.8% at 10 mM and 75.2% at 20 mM. In contrast, the inhibitory effect of resveratrol was attenuated at 50 and 100 mM, although VEGF-stimulated NO production was reduced. It was observed that these high concentrations of resveratrol resulted in an increase in NO production (Fig. 1) .
Effect of Resveratrol on Phosphorylation of eNOS and VEGF Receptor It is well established that phosphorylation -independent eNOS activation, leading to increased NO production. [13] [14] [15] [16] We examined whether resveratrol affects eNOS phosphorylation at Ser-1177 in the presence and absence of VEGF (Fig. 3A) . When F-2 cells were incubated with 20 or 100 mM resveratrol alone for 10 min, eNOS phosphorylation did not occur. In contrast, VEGF clearly induced eNOS phosphorylation, and the VEGF-induced phosphorylation was inhibited by resveratrol in a dose-dependent manner.
It was also examined whether the ligand-induced autophosphorylation of VEGF receptor is inhibited by resveratrol (Fig. 3B) . A tyrosine-phosphorylated protein was detected with a molecular mass of approximately 210 kDa, which is identical to the size of VEGF receptor-2. The phosphorylation was promoted by VEGF, but it was not affected by 20 mM resveratrol. In addition, resveratrol had no effect on the phosphorylation in response to VEGF.
Effect of Resveratrol on F-2 Cell Viability
We examined the viability of F-2 cells treated with resveratrol and/or VEGF (Table 1 ). Resveratrol at 20-50 mM and 10 ng/ml VEGF, both alone and in combination, had no effect on the viability of F-2 cells as determined by the mitochondrial function assay (MTT). However, 100 mM resveratrol significantly reduced the viability, and the viability loss was 30.3%. Microscopic observation revealed that almost all of the cells treated with 100 mM resveratrol remained adhered to the plates, but cell-to-cell connection was disrupted, and the shape of many cells was altered. A similar result was obtained for the dye exclusion assay. The ratio of stained cells to total cells increased significantly when F-2 cells were treated with 100 mM resveratrol alone.
Extracellular Ca 2؉ ؉ Requirement for Resveratrol-Induced Increase in NO Production eNOS activity primarily depends on intracellular Ca 2ϩ levels. There was a possibility that Ca 2ϩ influx from the medium causes Ca 2ϩ -dependent activation of eNOS in the F-2 cells stimulated with high concentrations of resveratrol. We next examined the effect of resveratrol on NO production in the presence and absence of extracellular Ca 2ϩ (Fig. 4) . In the presence of extracellular Ca 2ϩ , 10 ng/ml VEGF and 50-100 mM resveratrol significantly stimulated NO production. In the absence of extracellular Ca 2ϩ , there was a slight decrease in the basal NO production. VEGF significantly enhanced NO production; however, the stimulatory effect of resveratrol was completely abolished by the depletion of extracellular Ca 2ϩ .
DISCUSSION
We demonstrate the rapid effect of resveratrol on NO production in endothelial F-2 cells. Resveratrol inhibits VEGFstimulated NO production, particularly at low concentrations, whereas it increases NO production at high concentrations. Resveratrol at concentrations ranging from 5 to 20 mM exerted an inhibitory effect on VEGF-stimulated NO production although it did not reduce the basal NO production. VEGF induces the phosphorylation of eNOS at Ser1177 mediated by Akt, resulting in the Ca 2ϩ -independent activation of 1842
Vol. 32, No. 11 F-2 cells were incubated with vehicle (control), 10 ng/ml VEGF or resveratrol for 10 min. In the case of pretreatment with resveratrol, the cells were incubated with 20 mM resveratrol for 10 min before VEGF stimulation. The viability of the cells was assessed by MTT and dye exclusion methods. The data are meanϮS.E. for five experiments. * Significantly different from the control. eNOS. 18) Resveratrol markedly attenuated VEGF-induced eNOS phosphorylation, indicating that the mechanism of resveratrol action is attributed to the suppression of eNOS phosphorylation. The inhibitory signal of resveratrol might act downstream of VEGF receptor, because resveratrol had no effect on the VEGF-induced autophosphorylation of VEGF receptor-2. We are currently carrying out investigations to identify the target molecule of resveratrol.
Endothelial NO production was rappidly increased by 50-100 mM resveratrol, but cell viability was reduced as determined by two different methods. Thus, resveratrol-induced increase in NO production was associated with a decrease in endothelial cell viability. Since the staining within cells observed in the dye exclusion assay represents disruption of the plasma membranes, it was speculated that extracellular Ca 2ϩ influx through the damaged membranes might result in Ca 2ϩ -dependent eNOS activation. The involvement of Ca 2ϩ is supported by the finding that the increase in intracellular Ca 2ϩ levels in bovine aortic endothelial cells is caused by an alcohol-free red wine polyphenolic extract. 19) In fact, the stimulatory effect of resveratrol was completely sensitive to extracellular Ca 2ϩ levels, but did not involve eNOS phosphorylation. Taken together, these results indicate that resveratrol at high concentrations increases NO production by a Ca 2ϩ -dependent mechanism; however, this effect might be partially cytotoxic. Scifo et al. 20) implicated the cytotoxic action of resveratrol as an inducer of necrosis and apoptosis. Wallerath et al. 3) demonstrated that resveratrol acutely enhances NO production in endothelial EA.hy926 cells. The effective concentrations of resveratrol used in their studies were almost the same as those used in our studies. It is likely that eNOS is activated by influxed Ca 2ϩ , as implicated by the cytotoxic effect of resveratrol on EA.hy926 cells. It is unknown whether the antioxidant activity of resveratrol is involved in the suppression of VEGF-induced eNOS phosphorylation. Antioxidative polyphenols that do not inhibit the stimulated NO production or eNOS phosphorylation are known to exist. 10) Klinge et al. 21) reported that resveratrol facilitates estrogen receptor-mediated NO production in human umbilical vein endothelial cells. However, the resveratrol-stimulated increase in NO production was not affected by pretreatment with 100 nM ICI182,780 (estrogen receptor antagonist) in our studies (data not shown). Resveratrol binds to esrogen receptor a with a much lower affinity than estradiol, and the estimated IC 50 value for resveratrol is approximately 100 mM.
22)
It is possible that resveratrol at approximately 100 mM may acts on estrogen receptor in certain types of endothelial cells.
The present results may clarify the controversy of the acute effect of resveratrol on NO-mediated vasodilation. Endothelial NO-dependent vasodilation is observed in the specimen sensitive to resveratrol toxicity, whereas vascular tone is not altered in the specimen insensitive to its toxicity. In addition, an NO-independent mechanism of resveratorol-induced vasorelaxation has been reported. Resveratrol induces the production of endothelium-derived hyperpolarizing factor in endothelial cells, which is an NO-independent vasodilator for vascular smooth muscle cells. 23) Leblais et al. 24) reported that resveratrol might directly induce vascular smooth muscle cell relaxation.
Wallerath et al. 3) demonstrated that French red wines contain 75 mM of resveratrol, suggesting that a single reasonable wine consumption can produce low mM concentrations of resveratrol in plasma. In our studies, resveratrol at 5-10 mM did not affect basal NO production, but inhibited VEGFstimulated NO production. The inhibitory effect of resveratrol might appear in vivo in a single consumption of red wines. However, it is unlikely that resveratrol rapidly increases NO release from vascular endothelial cells.
In conclusion, the present studies demonstrate that resveratrol stimulates NO production by a Ca 2ϩ -dependent mechanism, and reduces VEGF-stimulated NO production by impairing a Ca 2ϩ -independent mechanism in endothelial F-2 cells. However, the stimulatory effect of resveratrol may be partly attributed to its cytotoxicity.
